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James R. Cook,* Eva-Marie Wormstall,* tively selected in FTOC by a single peptide/MHC com-
plex, depending on the overall avidity of the interaction.Tara Hornell,* John Russell,²
There are notable differences between transgenicJanet M. Connolly,* and Ted H. Hansen*
TCR systems, however. For example, in the Kb/OVA TCR*Department of Genetics
system, only antagonist peptides induce positive selec-²Department of Pharmacology
tion of functional thymocytes, while agonist peptidesWashington University School of Medicine
either do not positively select or result in selection ofSt. Louis, Missouri 63110
nonfunctioning cells (Hogquist et al., 1994, 1995). In con-
trast, in the Db/LCMV receptor system, agonist peptides
are capable of mediating positive selection of functional
mature thymocytes (Sebzda et al., 1996). It is unclearSummary
how readily the findings of in vitro FTOC experiments,
where only one predominant peptide/MHC complex isThe 2C transgenic TCR is positively selected on Kb
present, can be applied to the situation in vivo where aand is alloreactive for and negatively selected on Ld.
developing thymocyte encounters a heterogeneous mixTo test an avidity model for positive selection, mice
of peptide/MHC complexes. Furthermore, because thewere bred to express different levels of surface Ld by
number of mature thymocytes emerging from FTOC ex-varying the number of gene copies encoding b2- periments is limited, it has not been possible to examine
microglobulin (b2m) or Ld heavy chain. Whereas mice the cytolytic function of CD42CD81 T cells following
expressing 35% Ld (b2m1/2 Ld1/2) negatively selected selection on various peptide/MHC molecules.
the 2C TCR, mice expressing 2% Ld (b2m2/2 Ld1/2) posi- In the above experiments, positive selection has been
tively selected the 2C TCR. Furthermore, 2C cytotoxic monitored in vitro with FTOC using cells from mice defi-
T lymphocytes selected on 2% Ld showed peptide- cient in either TAP or b2m. The in vivo positive selection
specific cytolytic activity against Ld/p2Ca targets. of T cells in b2m2/2 mice has been controversial. When
These findings provide clear in vivo evidence that posi- b2m2/2 mice were initially produced, they were thought
tive selection can occur on very low levels of the same to be completely incapable of positively selecting
class I antigen capable of negative selection when CD42CD81 T cells (Koller et al., 1990; Zijlstra et al.,
expressed at higher levels. 1990). It is now clear, however, that a small number of
CD42CD81 T cells are present in such animals. The
resultant cytotoxic T lymphocyte (CTL) population is
Introduction capable of mounting both alloreactive (Apasov and Sit-
kovsky, 1993, 1994; Udaka et al., 1994) and self-MHC±
T cell maturation occurs within the thymus, where devel- restricted, peptide-specific responses (Cook et al.,
1995). The small number of peptide/MHC complexesoping thymocytes are subject to positive and negative
present on the cell surface in b2m2/2 mice is thereforeselection (VonBoehmer, 1992; Sprent, 1993; Allen, 1994;
presumably capable of mediating positive selection.Jameson et al., 1995). Positive selection spares a thymo-
However, this contention has never been verified for acyte from programmed cell death, while negative selec-
known TCR.tion removes a thymocyte from the repertoire by clonal
In this investigation we tested the avidity model indeletion. Both positive and negative selection involve
vivo using mice transgenic for the 2C TCR. The 2C TCRrecognition of self±peptide/major histocompatibility com-
is positively selected on Kb, negatively selected on wild-plexes (MHC) by the T cell receptor (TCR). Together,
type levels of Ld (Sha et al., 1988a, 1988b, 1988c), andthese two processes shape the T cell repertoire to max-
is alloreactive against the p2Ca peptide bound to Ldimize responses to self-MHC complexed with foreign
(Udaka et al., 1992). To test selection of the 2C TCR inpeptide and to minimize the response to self-MHC com-
mice that express different levels of Ld, we bred mice
plexed with self-peptide.
with zero, one, or two copies of the Ld gene and zero,
Recent experiments using the technique of fetal thy-
one, or two copies of the B2m gene. We demonstrate
mic organ culture (FTOC) have led to the proposal of an
that mice lacking Ld are neutral and neither positively or
avidity model of thymic development (Ashton-Rickardt negatively select2C TCR. Bycontrast, mice that express
et al., 1994; Hogquist et al., 1994; Sebzda et al., 1994, 2% of the wild-type level of Ld show clear positive selec-
1996; Hogquist et al., 1995). When class I MHC±specific tion of cytolytic 2C1 CD42CD81 T cells. Mice expressing
TCR transgenic mice are crossed to backgrounds that 35% of the wild-type level of Ld were found to negatively
are deficient in class I±antigen presentation due to lack select 2C TCR. These results demonstrate unequivocally
of b2-microglobulin (b2m2/2) or the transporters associ- that positive selection of T cells can occur on the low
atedwith antigen processing (TAP2/2), positive selection levels of class I MHC expressed in the thymus of b2m-
of the transgenic receptor no longer occurs. However, deficient animals. Furthermore, these findings provide
titration of certain peptide ligands into the culture me- in vivo evidence supporting an avidity model of thymic
dium restores positive selection at lower concentrations development and define an in vivo window between
and induces negative selection at higher densities. A positively and negatively selecting densities of MHC for
a single TCR.single TCR may therefore be either positively or nega-
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Figure 1. H-2d b2m2/2 Mice Are Biased toward Recognition of Ld
Two BALB/c b2m2/2 (H-2d b2m2/2) mice were immunized twice 7
days apart with 10 3 106 BALB/c splenocytes. Ten days after the
second immunization, BALB/c b2m2/2 splenocytes were harvested Figure 2. Breeding of 2% Ld Mice
and restimulated in vitro for 5 days on irradiated BALB/c stimulators
(7.5 3 106 responders and 3.5 3 106 stimulators per well). BALB/c
b2m2/2 effector cells were then tested in a 4-hr 51Cr-release assay in a b2m2/2 background, we initially introduced the 2C
on the indicated target cells. E:T ratio, effector-to-target ratio. transgene and b2m null mutation independently into
H-2dm2 mice using the breeding scheme shown in Figure
2. With H-2 fixed, we next crossed 2C1/2 and b2m1/2
mice, producing 2C1/2 H-2dm2 b2m1/2 offspring. Finally,Results
the Ld gene was reintroduced by crossing with H-2d
b2m2/2 mice to give 2C1/2 H-2d3dm2 b2m2/2 animals. InBALB/c b2m2/2 Mice Are Biased
this breeding scheme, 2C1 mice with a single copy oftoward Recognition of Ld
the Ld gene and no copies of the B2m gene, as well asIn a previous study (Cook et al., 1995), we analyzed
mice with a single copy of both the Ld and the B2mCTL lines and clones from BALB/c b2m2/2 mice raised
genes, were unequivocally identified by polymeraseagainst BALB/c stimulator cells. Each of the CTL lines
chain reaction (PCR) typing.or clones analyzed displayed specificity for Ld, and no
We directly measured the level of cell surface Ld ex-CTLs were detected that preferentially recognized Dd or
pressed by mice with various copies of the Ld and B2mKd (Cook et al., 1995, and data not shown). This biased
genes by flow cytometric analysis of splenocytes (Figureresponse to BALB/c stimulators is illustrated in Figure
3). Animals that were deficient in b2m and contained1. BALB/c b2m2/2 mice were immunized with 107 BALB/c
two copies of the Ld gene (H-2d b2m2/2) expressed cellsplenocytes by intraperitoneal injection. Subsequently,
surface levels of Ld that were 4% of the level found insplenocytes from these BALB/c b2m2/2 mice were re-
BALB/c animals. In b2m2/2 mice that contained only onestimulated in vitro with irradiated BALB/c stimulator
copy of the Ld gene, the cell surface level of Ld expressioncells for 5 days, and the specificity of the resulting CTLs
was 2% of the level found in BALB/c controls. The 2%examined. This protocol gave a consistent response
Ld level found in H-2d3dm2 b2m2/2 mice was significantlyagainst Ld-positive targets but a much weaker or no
different from the 4% level found in H-2d b2m2/2 miceresponse againstDd- or Kd-bearing targets. For example,
(p , 0.0007) and from the level found in H-2dm2 mice (p ,in the experiment shown in Figure 1, little if any specific
0.0002). For clarity, H-2d3dm2 b2m2/2 mice are hereafterresponse was detected against L-Kd targets and L-Dd
referred to as ª2% Ldº mice. Correspondingly, cells from
targets.
mice with a single copy of both Ld and B2m gene were
This finding suggested that anti-Ld CTLs were prefer-
found to express 35% of the wild-type level of Ld and
entially selected in a H-2d b2m2/2 background. We are hereafter referred to as ª35% Ldº mice.
sought to explore this phenomenon more thoroughly
using the anti-Ld transgenic TCR of the 2C mouse. We The 2C TCR Is Positively Selected
reasoned that because the 2C receptor is negatively in 2% Ld Mice
selected by Ld expressed at high levels (i.e., in b2m1/1 We examined the thymic selection of the 2C TCR in
cells), the receptor may be positively selected by some 2% Ld mice by three-color flow cytometric analysis of
lower level of Ld expression. To test this hypothesis, we thymus and spleen. As shown in Figure 4A, the thymus
evaluated the selection of the 2C TCRin mice expressing of 2C1 2% Ld mice showed increases in the percentages
very low levels of the Ld ligand. of both CD42CD82 and CD42CD81 cells compared to
2C-negative littermates (compare panels 2 and 3). The
CD42CD81 cells from 2C1 2% Ld mice displayed high
Quantitation of Surface Ld on Cells from Mice levels of the 2C transgene as indicated by staining with
with Various Gene Copies of Ld and B2m both the clonotypic antibody 1B2 (panel 5) and antibody
To create an environment with the lowest possible cell to the transgenic b chain (panel 8). The peak expression
surface level of Ld expression, we bred a mouse with a of the transgenic TCR was equivalent in both 2C1 H-2b
single copy of the Ld gene and no copies of B2m. The mice and 2C1 2% Ld mice (compare panels 4 and 5).
2C TCR was bred to a b2m2/2 animal that was H-2d3dm2 Furthermore, the ratio of Vb8 to 1B2 staining was similar
and therefore expressed only one copy of Ld. Because in both backgrounds, suggesting up-regulation of a sin-
gle TCR (data not shown).of the technical difficulties of typing for H-2 by serology
Class I Density±Dependent Thymic Selection of TCR
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expressed Kd and Dd (2C1 H-2dm2 b2m2/2, termed ªLd-
negativeº mice). As shown in Figure 4C, the thymi from
2C1 Ld-negative animals contained a lower percentage
of CD42CD81 thymocytes and a higher percentage of
CD41CD81 thymocytes compared with those of 2% Ld
animals. Up-regulation of the clonotypic 1B2 epitope
and Vb8 occurred only in mice expressing Ld. Similarly,
1B21 CD42CD81 cells were found in the spleens of 2%
Ld but not Ld-negative mice (data not shown). The stain-
ing pattern observed for 2C1 Ld-negative mice therefore
indicates that this background is neutral for the 2C TCR.
This finding verifies that positive selection of the 2C TCR
in 2% Ld mice is mediated exclusively by Ld.
We next evaluated whether intermediate levels of Ld
mediated positive or negative selection of the 2C TCR
by analyzing mice that were 2C1 and had a single copy
of both the Ld and B2m genes. Such mice expressed
cell surface levels of Ld that are approximately 35% that
of BALB/c controls (Figure 3), and are designated 35%
Ld mice. Three-color flow cytometric analysis of thymo-
cytes from 2C1, 35% Ld animals revealednegative selec-
tion of the 2C receptor at higher densities of Ld expres-
sion. In such mice, CD42CD82 cells were expanded
compared to 2C1 2% Ld mice and were the only popula-
tion within the thymus staining positive for 1B2 (data
not shown). Similarly, in the spleens of 2C1 35% Ld mice,
CD42CD81 cells were negative for 1B2 and Vb8 (Figure
5). This analysis formally demonstrates that Ld is posi-
tively selecting for the 2C TCR when present at a low
density in 2% Ld mice, but is negatively selecting at the
higher density found in 35% Ld animals. These dataFigure 3. Analysis of Ld Expression by Mice of Various Backgrounds
therefore define a maximal window of 18-fold between(A) BALB/c (b2m1/1 Ld1/1) (n 5 4) and BALB/c b2m2/2 (b2m2/2 Ld1/1)
the level of expression of a class I molecule capable of(n 5 5), H-2dm2 (b2m1/1 Ld2/2) (n 5 4), H-2d3dm2 b2m2/2 (b2m2/2 Ld1/2)
(n 5 5), and H-2d3dm2 b2m1/2 (b2m1/2 Ld1/2) (n 5 5) mice wereanalyzed positive and negative selection in vivo of a specific TCR.
for expression of Ld on splenocytes using MAb 30-5-7. For each The number and percentage of 1B21 CD42CD81 cells
animal analyzed, background fluorescence with secondaryantibody present in the spleens of 2% Ld mice was consistently
alone was subtracted to give specific mean fluorescence. Means
lower than that found in 2C1 H-2b mice, even thoughof each background are indicated by dotted lines.
both mice expressed a TCR capable of being positively(B) Ld expression by animals of various B2m and Ld genotypes is
selected. For example, CD42CD81 cells typically consti-shown in histogram format.
tuted 8%±20% of splenocytes in 2C1 H-2b mice, but
only 2%±3% in 2C1 2% Ld mice (Figure 4B). As shown
An analysis of splenocytes revealed similar findings in Figure 6, this distinction was statistically significant
(Figure 4B). As in the thymus, the spleens of 2C1 2% Ld in absolute numbers of CD42CD81 splenocytes as well
mice displayed an increased percentage of CD42CD81 (p , 0.001). This finding suggests that the density of
cells compared to 2C-negative littermates. CD42CD81 class I expressed at the cell surface limits the ultimate
splenocytes from 2C1 2% Ld mice displayed high levels number of mature CD42CD81 T cells, even in the pres-
of 1B2 and Vb8, which were equivalent to the expression ence of a transgenic TCR capable of undergoing positive
of the same epitopes in splenocytes from 2C1 H-2b ani- selection.
mals. CD42CD81 cells in the spleens of 2C1 2% Ld mice
displayed a consistently lower level of CD8 expression 2C1 CD42CD81 Splenocytes Selected
than those found in 2C1, H-2b mice (Figure 4B). A similar on Ld Display a Naive Phenotype
difference in CD8expression was not detected in thymo- We next compared the phenotype of mature 2C1
cytes (Figure 4A), suggesting that CD8 levels are down- CD42CD81 splenocytes positively selected on a low
regulated in 2% Ld mice during transit from the thymus level of Ld versus wild-type levels of Kb. Three-color flow
to the periphery. Together, data from thymus and spleen cytometric analysis revealed that the 1B21 CD81 cells
demonstrate unequivocally that the 2C receptor is posi- of both 2C1 2% Ld and 2C1 H-2b mice displayed a char-
tively selected in 2% Ld mice. acteristically naive phenotype: such cells were predomi-
nantly CD252CD44loCD62LhiCD45RA1 (data not shown).
Positive Selection of the 2C TCR in 2% Ld Similarly, both Ld-selected and Kb-selected 2C
Mice Is Ld Specific and Class I CD42CD81 splenocytes stained positively for both
Density Dependent CD8a and CD8b (data not shown). Positive selection of
We examined the role of Ld in the positive selection of the 2C TCR on low levels of Ld therefore results in the
the 2C receptor by intercrossing 2% Ld mice to produce same phenotype of mature CD42CD81 cells as does
positive selection on Kb.animals that completely lacked Ld expression but still
Figure 4. The 2C TCR Is Positively Selected
in 2% Ld Mice
(A) Three-color flow cytometric analysis of
thymocytes from the indicated mice. Cytom-
etry was performed with anti-CD8±fluo-
rescein isothiocyanate, anti-CD4-PE, biotin-
ylated 1B2 (panels 4±6) or biotinylated anti-
Vb8 (panels 7±9), and strepavidin-CyChrome.
Gating on whole thymocytes, expression of
CD4 and CD8 was firstexamined (panels 1±3).
The percentage of each cell type is indicated
in the top right corner of each quadrant. Next,
gating on CD42CD81 cells, expression of 1B2
or Vb8 was determined. All quadrants and
gates were set using control BALB/c cells
and applied to each experimental sample.
(B) Three-color flow cytometric analysis of
splenocytes from the indicated mouse strains.
(C) Positive selection of the 2C TCR in 2C1
2% Ld mice is mediated by Ld. Thymocytes
of the indicated mice were harvested and
stained for three-color flow cytometry. Simi-
lar findings were observed in the spleens
(data not shown).
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Figure 5. Negative Selection of the 2C TCR
in 2C1 35% Ld Mice
Splenocytes of the indicated mice were har-
vested and stained for three-color flow cy-
tometry as described in Figure 4. Similar find-
ings were observed in the thymi (data not
shown).
2C1 CD42CD81 Cells Positively Selected from both mice could be completely inhibited by prein-
cubating effector cells with the 1B2 antibody. The re-on Ld Are Functionally Active
Previous reports have suggested that TCRs positively quirement for exogenous peptide during stimulation of
2C1 2% Ld CTLs likely reflects a difference in determi-selected on low levels of agonist ligands fail to repond
to the selecting ligand (Hogquist et al., 1995; Jameson nant density requirements due to lower CD8 expression
levels (Figure 4B). This reduction of CD8 ranged fromet al., 1995). We therefore examined the function of
CD42CD81 cells from 2C1 2% Ld mice. Splenocytes from 15% to 56% in five experiments. It should also be noted
that in 2 of 7 experiments, CTLs from 2C1 2% Ld mice2C1 H-2b and 2C1 2% Ld mice were each cultured for 5
days with irradiated BALB/c stimulator cells, with or were activated by BALB/c spleen alone, without exoge-
nous peptide added. These findings clearly demonstratewithout exogenous p2Ca peptide. After 5 days, the re-
sulting CTLs were tested for cytotoxic activity. When that the Ld-selected 2C1 CTLs from 2C1 2% Ld mice
are capable of mounting an effective peptide-specificCTLs were stimulated on BALB/c spleen alone, peptide-
specific lytic activity was detected only in Kb-selected cytotoxic response.
and not in Ld-selected splenocytes (Figures 7A and 7B).
However, when exogenous p2Ca peptide was also pres-
Discussionent during stimulation, peptide-specific activity was
readily detected in CTLs from both populations. RMAS-
Several reports have described the existence of CD81Ld target cells were lysed by both Kb-selected and Ld-
CTLs from b2m2/2 mice that cross-react against self-selected CTLs only following a pulse with the p2Ca pep-
MHC expressed at normal ligand densities in b2m1/1tide (Figures 7C and 7D). Pulsing of targets with an
cells (Glas et al., 1994; Udaka et al., 1994; Jameson etunrelated peptide did not induce target cell killing (data
al., 1995). In the course of a previous study examiningnot shown). Furthermore, the peptide-specific activity
the peptide specificity of CD81 CTLs arising in BALB/c
b2m2/2 mice (Cook et al.,1995), we characterized several
CTL lines and clones that were raised against BALB/c
(H-2d b2m1/1) stimulator cells. Such lines and clones
demonstrated a consistent response against the Ld mol-
ecule, but a much weaker, if any response against Dd
or Kd (Figure 1 and data not shown). It was unclear
why such a preference for the Ld targets should exist,
especially in light of the fact that Ld is expressed at
higher levels in b2m2/2 cells than is Dd or Kd (Cook et
al., 1995). It might therefore be expected that negative
selection of Ld-reactive TCRs would be more efficient
than negative selection of Dd- or Kd-reactive TCRs. In-
stead, the data observed seemed to indicate that the
opposite was occurring. These puzzling findings sug-
gest that the density of Ld present in b2m2/2 mice and/orFigure 6. Class I Density Limits the Number of Mature Peripheral
the TCR repertoire of H-2d mice produce a CTL popula-CD42CD81 T Cells
tion in H-2d b2m2/2 mice that is skewed toward recogni-The absolute numbers of CD42CD81 splenocytes from 2C1 H-2b
tion of Ld.mice (n 5 5) and 2C1 2% Ld mice (n 5 6) were compared. Means
The existence of b2m2/2±anti-b2m1/1 CTLs is generallyare plotted 6 one standard deviation. Statistical significance was
determined by the Student's t test. interpreted as evidence supporting an avidity model of
Immunity
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Figure 7. 2C1 CTLs Selected on Ld Are Func-
tionally Active
Splenocytes from 2C1, H-2b (A and C) or 2C1
2% Ld (B and D) mice were stimulated for 5
days on BALB/c stimulator cells without (A
and B) or with (C and D) 100 mM p2Ca peptide.
The total number of viable cells was used
to calculate the indicated effector-to-target
(E:T) ratio. CTLs were then analyzed in cyto-
toxicity assays on the indicated target cells,
with or without preincubation of effector cells
with 1B2 antibody.
positive selection (Allen, 1994; Glas et al., 1994; Jame- to be similar (with equivalent ratios of Vb8 to 1B2) indi-
cating that the transgenic receptor alone was responsi-son et al., 1995). In such a model, the lower density of
class I expression is counteracted by higher TCR affinity ble for selection of CD42CD81 cells rather than the
transgenic b chain in combination with endogenous afor class I within the pool of positively selected thymo-
cytes. Positive selection on a b2m2/2 background would chains (Figures 4A and 4B). Positive selection of the 2C
TCR was mediated exclusively by interaction with Ld,therefore produce a repertoire of CTLs that would have
been negatively selected in wild-type animals. It should since positive selection did not occur in mice completely
lacking Ld (no copies of Ld or B2m) (Figure 4C). Thebe noted, however, that because the TCRs and peptide
ligands involved in b2m2/2±anti-b2m1/1 responses have presence of 2C1 CD42CD81 cells in the periphery there-
fore represents true positive selection rather than simplynot been characterized in previous reports (Glas et al.,
1994; Udaka et al., 1994), an alternative explanation also a ªleakyº thymus due to low class I expression. In addi-
tion, positive selection of the 2C receptor on either Kbis possible. It is unknown to what extent the presence or
absence of b2malters the repertoire of class I peptides. If or Ld produced CD42 CD8ab1 splenocytes of a naive
phenotype (CD252CD44loCD62LhiCD45RA1). These find-only a subset of peptides is capable of binding to the
class I heavy chain in b2m2/2 cells, then the b2m2/2±anti- ings thus represent unequivocal evidence that positive
selection of T cells occurs on the low level of class Ib2m1/1 response may simply represent a type of minor
antigen response against b2m-dependent peptides. We expressed in the thymus of b2m-deficient mice.
Testing of 2C1 35% Ld littermates (single copy of Ldhave attempted to resolve some of these issues in the
investigation reported here by exploiting both the curi- and B2m) showed that negative selection occurs when
Ld expression is raised by approximately 18-fold (Figureous preference of H-2d b2m2/2 mice for selecting anti-Ld
receptors and the Ld-reactive 2C transgenic TCR mouse 5). Taken together, these findings demonstrate that
while Ld induces negative selection of the 2C TCR atsystem.
The 2C TCR is known to be negatively selected on Ld higher ligand densities in BALB/c mice (Sha et al., 1988a)
or in 35% Ld mice, Ld induces positive selection of theand positively selected on Kb in b2m1/1 backgrounds
(Sha et al., 1988b, 1988c). The avidity model of thymic 2C TCR when present at the lower cell surface density
found in 2% Ld mice. This report therefore providesselection (Allen, 1994; Ashton-Rickardt et al., 1994; Hog-
quist et al., 1994, 1995; Jameson et al., 1995) predicts strong in vivo evidence supporting an avidity model of
T cell development. Furthermore, our findings define anthat positive selection of this receptor will also occur
on some low density of Ld expression. We tested this in vivo window of class I expression capable of positive
and negative selection of a specific TCR. These findingsprediction by breeding the 2C TCR onto the 2% Ld
mouse (single copy of Ld and no copies of B2m). An are summarized in Table 1.
Detailed analysis of 2C1 2% Ld mice revealed twoanalysis of 2C1 2% Ld mice demonstrated unequivocally
that the 2C TCR was indeed positively selected in this additional noteworthy findings. First, the level of CD8
expression on Ld-selected CD42CD81 splenocytes wasbackground. CD42CD81 cells in both the thymus and
spleen were found to have up-regulated the transgenic consistently lower than that on Kb-selected CD42CD81
splenocytes (Figure 4A). A similar difference was notTCR as measured by both the clonotypic antibody, 1B2,
and the anti-Vb8 antibody reactive against the trans- observed in CD8 levels on thymocytes (Figure 3). Sec-
ond, the thymi from 2C1 2% Ld mice displayed increasedgenic b chain. Furthermore, the levels of 1B2 cell surface
expression in 2C1 2% Ld and 2C1 H-2b mice were found percentages not only of CD42CD81 cells, but also of
Class I Density±Dependent Thymic Selection of TCR
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the precise Ld-binding peptide or peptides involved inTable 1. In vivo Selection of the 2C TCR at Various Densities of
Cell Surface Ld the in vivo positive selection reported here for the 2C
TCR in 2% Ld mice is unknown, it seems likely that Ld/Mouse Genotype
Ld Expression Selection of p2Ca complexes play some role in this process. Indeed,
B2m Ld (%) 2C TCR low levels of Ld/p2Ca appear to be expressed in the
1/1 2/2 0 Neutral absence of b2m, since b2m2/2 blasts are recognized by
2/2 1/2 2 Positive 2C CTL (data not shown). Therefore, it was of consider-
2/2 1/1 4 NDa able interest to determine the functional capacity of 2C1
1/2 1/2 35 Negative CTLs that were positively selected on Ld. When spleno-
1/1 1/1 100 Negative
cytes from 2C1 H-2b and 2C1 2% Ld mice were stimu-
aND, not done. Due to the lack of a PCR assay specific for the dm2 lated on BALB/c spleen alone, peptide-specific activity
deletion, mice of the genotype(Ld1/1, B2m2/2) could not be identified was generally detected in Kb-selected but not Ld-
unambiguously in crosses with 2C transgenic mice. Therefore, mice
selected CTLs. However, when CTLs were cultured withof this genotype were not tested for their ability to specifically select
BALB/c stimulators and exogenous p2Ca peptide, Ld/the 2C TCR.
p2Ca-specific cytolytic activity was observed from both
Kb-selected and Ld-selected CTLs (Figure 7). This pep-
CD42CD82 cells, in comparison to non±TCR-transgenic tide-specific activity was completely inhibited upon in-
littermates. A similar pattern has been described in in cubation of effector cells with the clonotypic monoclonal
vitro FTOC experiments in which selecting peptide was antibody (MAb) 1B2. The requirement for exogenous
present at levels just below that required to induce com- peptide for stimulation of Ld- selected CTLs most likely
plete negative selection (Hogquist et al., 1995). Taken reflects the lower level of CD8 found in this background.
together, these findings suggest that the level of Ld ex- In two of seven experiments, Ld-selected CTLs were
pression in 2% Ld mice may therefore be only slightly activated by culture on BALB/c splenocytes alone (data
below that needed to induce complete negative selec- not shown), indicating that in some cases the level of
tion of the 2C receptor, such that only those thymocytes Ld/p2Ca expressed naturally on BALB/c spleen is suffi-
expressing lower levels of CD8 fall within the avid- cient to activate these CTLs. These data therefore show
ity window for positive selection. In such a model, that positive selection of the 2C TCR on low levels of
CD42CD81 thymocytes expressing high levels of CD8 Ld does not preclude a functional response against Ld/
would be negatively selected as they leave the thymus p2Ca complexes expressed on the surface of target
and migrate to the periphery. cells.
Another intriguing observation was made through In this report, we describe an in vivo model that, com-
analysis of the absolute numbers of CD42CD81 T cells pared with in vitro FTOC experiments, offers consider-
in 2C1 2% Ld mice. CD42CD81 T cells constitute approx- able advantages to the study of avidity-dependent posi-
imately 1%±3% of splenocytes in b2m2/2 mice, repre- tive selection, such as a rigorous definition of positive
senting an approximately 10-fold reduction compared to selection (transgene-positive splenocytes) and the abil-
wild-type animals (Apasov and Sitkovsky, 1993; Apasov ity to evaluate CTL function in cytotoxicity assays. We
and Sitkovsky, 1994; Cook et al., 1995). In theory, this show that the 2C TCR is positively selected in 2% Ld
reduction of CD42CD81 cell numbers may be due either mice and that positive selection is due entirely to interac-
to a limited number of TCRs capable of mounting effec- tion of the transgenic TCR with Ld. 2C1 CTLs that have
tive interactions with a low density of class I, or to direct been positively selected on Ld retain peptide-specific
limitation by class I density of the extent of positive cytolytic activity. These findings, obtained by specifi-
selection. We find that in 2C1 2% Ld mice, the number cally lowering class I expression genetically, provide
of CD42CD81 splenocytes remains reduced compared strong in vivo evidence supporting an avidity model of
to 2C1, H-2b mice even though in both animals every thymic development and greatly extend and clarify re-
developing thymocyte expresses the same ªselectableº cent FTOC data. Furthermore, this report provides an
TCR (Figure 6). This observation suggests that class I initial quantitation of the in vivo window separating the
density can be limiting for maturation of CD42CD81 T positively and negatively selecting dosages of an MHC
cells. A somewhat similar finding has been described molecule for a given TCR.
in an in vitro system. When thymus from class II±
knockout or b2m-knockout mice was reaggregated with
wild-type thymus for culture in vitro, the number of sin- Experimental Procedures
gle-positive cells maturing was found to vary with the
Miceproportion of wild-type thymus incorporated into the
Transgenic 2C (H-2b) mice were bred from stock generously pro-culture (Merkenschlager et al., 1994). The density of
vided by Dr. Dennis Loh (Hoffman-LaRoche, Japan), andH-2d b2m2/2
MHC may thereforebe rate limiting for positiveselection, mice were bred as previously described (Cook et al., 1995). The 2C
such that, in effect, one MHC molecule is capable of TCR transgene and b2m null mutation were introduced indepen-
dently into BALB/c H-2dm2 mice, in which the Ld gene is deleted, andselecting only a finite number of T cells.
backcrossed to produce 2C1 H-2dm2 and b2m1/2 H-2dm2 mice. MatingPrevious work in the Kb/OVA transgenic TCR system
of these two strains produced 2C1 H-2dm2 b2m1/2 mice, which werehas suggested that positive selection of functional
then either interbred or crossed with H-2d b2m2/2 mice, to produceCD42CD81 T cells occurs only on class I complexes
2C1 H-2dm2 b2m2/2 or 2C1 H-2d3dm2 b2m2/2 animals, respectively.
containing TCR antagonist peptides, while positive se- During breeding, the 2C transgene and b2m null mutation were fol-
lection on agonist peptide complexes produces non- lowed by PCR analysis. Mice were housed either in the conventional
animal facility of Donald Shreffler or in the barrier facility of thefunctional T cells (Hogquist et al., 1994, 1995). Although
Immunity
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McDonnell Science Building, Washington University School of Med- as controls, and the resulting settings applied to all experimental
samples.icine.
MAbsCell Lines
The following MAbs were used: anti-CD8a-fluorescein isothiocya-The L-Ld and L-Kd cell lines were generated by transfecting the Ltk2
nate, anti-CD4-phycoerythrin (PE), anti-CD25-PE, anti-CD44-PE,DAP-3 with the Ld gene under hypoxanthine-aminopterin-thymidine
anti-CD45RA-PE, anti-CD62L-PE, anti-CD8b-PE, anti-CD16,32(HAT) resistance or the Kd cDNA under G418 resistance, respec-
(FcBlock), and strepavidin-conjugated CyChrome as a third colortively. The L-Dd cells were a generous gift from Terry Potter (Denver,
reagent (Pharmingen, San Diego, CA). The 1B2 MAb was purifiedCO). The RMAS-Ld cells were generated by transfection of the Ld
from ascites and biotinylated using a Protein Biotinylation Kit (PiercecDNA into RMAS cells, which were a generous gift from Klaas Karre
Chemical, Rockford, IL).(Karolinska Institute, Stockholm, Sweden). All transfections were
performed by lipofection (Gibco Laboratories, Grand Island, NY).
All cell lines were maintained in RPMI 1640 (Gibco Laboratories) Statistics
Data in Figures 3 and 7 were analyzed by Student's t test usingsupplemented with penicillin, streptomycin, glutamine, HEPES, py-
ruvate, nonessential amino acids, and 10% bovine calf serum SigmaPlot 3.0 software (Jandel Scientific).
(Hyclone Laboratories, Logan, UT).
PCR
DNA was prepared from mouse tail using the Qiagen Tissue KitPeptides
(Qiagen, Chatsworth, CA). PCR was carried out on 0.5 ng of genomicThe p2Ca peptide, LSPFPFDL, is derived from a-ketoglutaratedehy-
DNA, in 10 mM Tris-HCl (pH 8.3) containing 50 mM KCl, 0.2 mMdrogenase (Udaka et al., 1992). Peptides were synthesized using
nucleotides, and 0.2 mM of each primer. Taq polymerase (AmpliTaq,Merrifeld's solid-phase method (Merrifield, 1963) on a peptide syn-
Perkin Elmer, Branchburg, NJ) was used at 0.5 U per sample in athesizer (model 431A, Applied Biosystems, Foster City, CA). Pep-
100 ml reaction volume. For 2C assays, two pairs of primers weretides were purified (.95%) by reverse-phase HPLC and subjected
used. The first pair consisted of a 59 oligo corresponding to theto purity assessment techniques as previously described (Gorka et
Va3.1 gene (GTGACACAGCCCGATGCTCG) and a 39 oligo corre-al., 1989).
sponding to the 2Ca junctional region (TCCAATGTCAGCGCTG) and
yielded a 300 bp product. The second pair of primers yielded a 150Generation of CTLs
bp fragment of the C4 gene, used as a positive control for PCRSplenocytes were isolated by teasing spleens apart and removing
amplification: 117 (TCCCTATGCAGGTGTGCATG) and 118 (CCCACerythrocytes from stimulator splenocytes by osmotic lysis. For ex-
CTCACATGCATGAAG). Amplification was carried out in 1.5 mMperiments using 2C responders, 3.0 3 106 responders were cultured
MgCl2 as follows: 948C for 1 min, 558C for 1 min, and 728C for 1 min,with 3.5 3 106 irradiated stimulators with or without exogenous
cycling 35 times. For b2m assays, three primers were used: B2M243peptide (usually present at 1024 M) for 5 days in a 24-well plate. For
(TATCAGTCTCAGTGGGGGTG), B2M1 (CTGAGCTCTGTTTTCGTCTexperiments using TCR±wild-type responders, 7.5 3 106 responders
G), and Neo204 (GCTATTCGGCTATGACTGGG). B2M1 1 B2M243were cultured with 3.5 3 106 irradiated stimulators. Cultures were
yields a 262 bp b2m wild-type product, and B2M243 1 NEO204maintained in RPMI 1640 supplemented with HEPES, 2-mercapto-
yields a 768 bp b2m null product. Amplification was carried out inethanol, pyruvate, nonessential amino acids, glutamine, penicillin,
2.5 mM MgCl2, cycling 35 times (10 sec at 948C, 10 sec at 608C, andstreptomycin and 10% fetal calf serum (Hyclone Laboratories, Lo-
80 sec at 728C). Amplification was carried out using a 9600 Thermalgan, UT).
Cycler (Perkin Elmer). Products of PCR amplification were visualized
on a 2% agarose gel stained with ethidium bromide.51Cr Release Assay
Target cells (106) were labeled for 1 hr with 150±300 mCi of Na51CrO4
Acknowledgments(10±25 mCi/ml, Amersham, Arlington Heights, IL) in 250 ml of RPMI
plus 10% fetal calf serum with or without 1024 molar peptide at 378C
Correspondence should be addressed to T. H. H. This work wasin 5% CO2. Cells were then washed and plated in 96-well round-
supported by National Institutes of Health grants AI-27568, AI-bottomed microtiter plates. Effector cells were added at various
19687, and CA-28533. The authors thank Nancy Myers for expertconcentrations. For antibody blocking studies, antibody was prein-
fluorometric quantitation of surface class I expression and Dr. Paulcubated with effector cells at a final concentration of 10 mg/ml for
Allen and Dr. Pamela Fink for critical review.30 min at 378C degrees before the addition of target cells. Plates
were spun at 50 3 g for 2 min and incubated at 378C and 5% CO2
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